Abstract: Carbon fibers are studied using digital holographic sequences. Fibers have distinct orientation in space. An algorithm to identify the orientation and the size of suspended fibers from the digitally recorded holographic sequences is presented.
Introduction
Digital holography has been used in numerous metrology applications [1] . A particularly interesting application of digital holography is in particle analysis where relatively large volumes of samples can be studied with a single hologram recording, as opposed to photography based techniques where the depth of field imposed by the magnification optics limits the size of the studied volume [2] .
Usually, spherical particles are used in these studies. As a result of the spherical particles' symmetry, such studies are limited to the measurement of the particles' diameter and location in space [2] . In this work carbon fibers are studied, for which, owing to their axis symmetry, 2 rotational degrees of freedom also need to be determined.
Sequences of digital holograms recorded from a fiber with a controllable orientation over time are analyzed. It is shown that with appropriate processing of the recorded holographic sequences, the orientation of the fiber within a volume and its size can be accurately determined.
Localization of Fibers within Volumes
For the recording of the digital holograms the in-line setup shown in Fig. 1 is used. A spherical diverging illumination beam is created by focusing a green laser   532nm λ  on a 1 μm pinhole by a 60  microscope objective lens. The diverging beam illuminates the sample. Part of the beam is diffracted by the particles within the sample creating the object beam. Another part of the illumination beam passes through the sample undiffracted providing the reference beam. The object and the reference beam interfere and a camera is used to record their interference pattern.
The sample consists of a single carbon fiber (type T383, Toho Tenax Europe GmbH, Wuppertal, Germany) which is 1320 μm long (measured with a microscope). The fiber is placed on a glass slide which is mounted on a device that can be manually rotated as shown in Fig. 1 . The camera records digital holograms at a rate of 1 hologram per second while the tilt of the fiber along the optical axis is manually controlled. Fig. 2(a) shows one of the recorded holograms.
a292_1.pdf DTuB6.pdf In order to determine the orientation of the fiber from the recorded holographic sequences the procedure described next is followed. Each hologram is reconstructed using the Fresnel -Kirchhoff diffraction formula [1] at several reconstruction depths covering the volume that needs to be studied. Fig. 2(b) shows one of the reconstructions of the hologram shown in Fig. 2(a) . The fiber shown in this hologram is tilted along the optical axis to 45° and hence, as it can be seen, only its middle section is focused at this particular reconstruction distance.
Following this, the intensity of the reconstructed hologram is thresholded with a low threshold value t (typically 5% of the maximum intensity value). Pixel values with intensity higher than t are set to '0' and the rest to '1'. Fig.  2(c) shows the thresholded reconstruction shown in Fig. 2(b) . As it can be seen from Fig. 2(c) , in this way the section of the fiber that is well focused at this particular reconstruction distance can be determined. This procedure is repeated for all the reconstruction depths. The resulting thresholded reconstructions are stacked together to form a 3D matrix. Everything within this 3D matrix is zero apart from a point cloud that corresponds to the fiber.
The volume studied might contain more than one fiber, so the algorithm has to identify each of them individually. To this end, based on their 3D connectivity, the points of each cloud are grouped together and labeled. The resulting point clouds have the size and the orientation of the studied fibers and hence these quantities can be measured accurately from the respective point clouds. For this, Principal Component Analysis (PCA) is used to fit a straight line to the data points corresponding to each of the identified fibers [3] .
In practice, due to noise, parts of the fibers might not appear focused at any depth, causing single fibers to appear as 2 or more separate ones. In order to identify such cases, following line fitting, collinear fibers with ends close to each other are merged together to restore the single fiber. Fig. 2(d) shows the 3D point cloud of the fiber shown in the hologram and the line fitted to it. As it can be seen, the length and the orientation of the line within the volume correspond to the length and the orientation of the fiber. a292_1.pdf DTuB6.pdf
Results and discussion
By repeating the described fiber identification procedure for all the frames of a holographic sequence, the movement of the fibers within the volume can be tracked over time. Fig. 3 shows the identified position of a rotating fiber at different time instances. The method can be used to track the orientation of fibers over time and hence it has the potential to be used as an extension of Holographic Particle Image Velocimetry (HPIV) [4] , where the orientation of the fibers over time can provide additional flow information.
(a) (b) (c) Fig. 3 . Identified position and orientation of a fiber at three different moments in time.
Previously proposed particle size measurement methods using digital holography, such as the one reported in [5] , measure the size of the projection of the particles on the plane of the camera. Although this approach works well for spherical particles, measuring fiber lengths based on their projection would lead to an error that is proportional to the tilt of each fiber. For example, as it can be seen in Fig. 2(b) , the length of this projection is ~650 μm resulting in an error of about 50%, given that the real length of the fiber is 1320 μm . The method proposed here takes into account the orientation of the fiber and hence measures its length correctly. As a result, it can be used for accurate measurement of fibers in suspension [6] .
To conclude, a method to identify the position and the orientation of carbon fibers within volumes by analyzing holographic sequences recorded by digital cameras has been presented. The method can be used for accurate size measurement of fibers in suspension as well as to track their 3D motion and orientation.
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